In contrast to recognition memory, recall is difficult is recalled or forgotten? In contrast to recognition, to study in animals. In particular, verbal memory can recall is difficult to study in nonhuman primates and only be studied in humans. In the present study, we rarely is accessible at the single neuron level in husought to provide evidence of MTL contributions to demans. We recorded 128 medial temporal lobe (MTL) clarative verbal memory processes at the level of single neurons in patients implanted with intracranial microneurons by directly recording from the human MTL while electrodes while they encoded and recalled word patients engaged in paired associate learning. paired associates. Neurons in the amygdala, entorhiIn studying the neuronal basis of declarative memory, nal cortex, and hippocampus showed altered activity a major question concerns the contribution of the MTL during encoding (9%), recall (22%), and both task to specific memory processes. Memory deficits may phases (23%). The responses of hippocampal neurons be due to disruption of MTL participation in encoding, during encoding predicted whether or not subjects consolidation, retrieval, or a combination of these memlater remembered the pairs successfully. Entorhinal ory processes (Haxby, 1996). Neuroimaging methods cortex neuronal activity during retrieval was correlated provide the opportunity to measure brain activity sepawith recall success. These data provide support at the rately for the encoding and retrieval stages of memory single neuron level for MTL contributions to encoding tasks in humans. Positron emission tomography (PET) and retrieval, while also suggesting there may be difand functional magnetic resonance imaging (fMRI) studferences in the level of contribution of MTL regions to ies implicate MTL regions in both encoding and retrieval these memory processes. sequent memory performance from neuroimaging stud-
sequent memory performance from neuroimaging stud-ies, and none at the single-unit level. Neuroimaging studies may fail to find subsequent memory effects in the hippocampus itself because of the inherent difficulties in imaging this region due to susceptibility artifacts or the relatively small size of the hippocampus. There is also some evidence of MTL activation during memory retrieval (Schacter and Wagner, 1999 The choice of paired associate learning as a probe of declarative memory at the single neuron level has several advantages. It enables direct comparison of encoding and retrieval processes since the subject is engaged in alternating blocks of encoding and retrieval of word associations. In addition, this paradigm affords the study of recall as distinct from recognition of represented stimuli-a memory process that is difficult to approach in animal studies. Several neuroimaging studies have reported MTL activation during the encoding neuronal responses during encoding and retrieval? And finally, is the activity of single neurons in the MTL correlated with successful performance on the paired associsubjects were shown the first word of each pair as a ate memory task? cue and required to respond verbally with the word's associate (retrieval). The same set of 20 word pairs was presented and later tested seven times during alternatResults ing encoding and retrieval blocks. Thus, there were a total of 280 trials, 140 each for the "encoding" and "re-MTL neuronal activity was recorded in 12 epilepsy patients implanted with intracranial depth electrodes as trieval" phases of the task. Single-unit activity was recorded for each patient throughout the task, yielding part of a clinical evaluation for elective surgery (Fried et al., 1999). Electrode locations were verified from postrecordings from a total of 128 neurons across all 12 subjects: 19 were recorded in the amygdala (A) in 5 implant MRI ( Figure 1A ). Single-unit activity was recorded continuously during seven blocks of alternating subjects, 66 in the hippocampus (HC) in 11 subjects, and 43 in the entorhinal cortex (EC) in 7 subjects. encoding and retrieval phases of paired associate learning (Figure 2 (Table 1) . These neurons were recorded in both the language dominant and nondomipresentation or in the delay period after stimulus offset (Figure 3 ). In the hippocampus, 6 out of the 19 neurons nant hemispheres during encoding (8 and 4, respectively), during retrieval (11 and 17), and during both task with significant encoding responses had altered activity during the second of stimulus presentation, 7 showed phases (14 and 15). Most (83%) of the 29 neurons that responded during both phases displayed similar patresponses that began during stimulus presentation and continued during the first second of the delay interval, terns of activity (i.e., either increases or decreases in firing rate) during encoding and retrieval, although reand 6 neurons responded only in the delay period. Of the 29 hippocampal neurons with significant responses trieval responses were often more pronounced (66%, Figure 3) . during word pair recall, 10 responded during the stimulus, 12 in the stimulus and delay periods, and 7 only in Significant responses were found in all three MTL regions (see Table 1 ). In the amygdala the same number the delay. In the entorhinal cortex, the 15 significant encoding responses were during the stimulus (6), stimuof neurons responded during the encoding (7, 37%) and retrieval (7, 37%) phases of the task (4 units responded lus and delay (3), or delay (6) intervals. During retrieval, the 21 significant responses were in the stimulus (5), during both). However, in the hippocampus, a greater number of neurons responded during retrieval (29, 44%) stimulus and delay (6), or delay (10) periods. A majority of the neurons in the hippocampus and entorhinal cortex than encoding (19, 29%). A similar pattern was seen in 
Cell counts based on changes in firing rate in stimulus or delay periods compared to baseline (t tests, p Ͻ 0.05).
(↑) Neuronal response increases, (↓) decreases, (↑↓) both increases and decreases in activity compared to baseline. that had significantly altered firing rates during the premental Procedures). Selective MTL neuronal responses are shown in Table 2 . sentation of word pairs at encoding also showed significant changes in activity during the presentation of the Neurons in each of the three MTL regions displayed selective responses for either the encoding or retrieval cue in recall trials (68%). In addition, about half of the hippocampal and entorhinal neurons that responded in phase of paired associate learning, shown by a main effect of Task Phase (p Ͻ 0.05, Table 2 ). We applied a the delay interval during encoding trials also responded during the delay for retrieval trials (55%). The breakdown goodness of fit chi-square test to evaluate whether the total number of neurons with a selective response for of significant responses during stimulus, stimulus and delay, or delay intervals in the amygdala was (4, 2, 1) Task Phase was greater than that expected by chance (see Experimental Procedures). There were a significant for encoding and (2, 3, 2) for retrieval.
The direction of neuronal responses with respect to number of hippocampal (21%) and entorhinal (26%), but not amygdala (11%) neurons with Task Phase-selective prestimulus baseline was different in the hippocampus compared to entorhinal cortex (see Table 1 ). During enresponses ( Figure 3A had a greater increase in activity during stimulus presentation in the prestimulus baseline upon stimulus presentation. Eleven neurons had decreased activity (mean activity of 2.83 retrieval than encoding phase. A left hippocampal neuron ( Figure 3B ) showed larger and more sustained despikes/s, SD 4.39, representing an average decrease of 36% from baseline), six had increased activity (mean creases in firing rate for retrieval than encoding trials. Also, a right entorhinal cortex neuron ( Figure 3C ) showed 4.27 spikes/s, SD 5.25, representing an average increase of 67% from baseline), and two had both increases and increased activity after stimulus offset only during retrieval trials. decreases in activity (see Figure 3 for examples). In the entorhinal cortex, the majority of the 15 neurons responding during encoding had increased firing rates MTL Neuronal Activity Correlates with Successful compared to prestimulus baseline. Ten neurons had inMemory for Word Pairs creased activity (mean 7.51 spikes/s, SD 9.04, repreSuch Task Phase-selective responses suggest MTL senting a mean change of 23% from baseline) and three neuronal participation in word pair encoding and rehad decreased activity (mean 7.75 spikes/s, SD 9.71, trieval. However, neurons that selectively respond durrepresenting a mean change of 17% from baseline).
ing encoding are not necessarily engaged in encodingThis difference in the number of response increases and related memory processes. Other differences between decreases between the hippocampus and entorhinal encoding and retrieval trials, such as the presentation cortex was significant ( 1 2 ϭ 5.16, p Ͻ 0.05). There were of two words in encoding versus one in retrieval, or also differences between the two regions during repreparation for a verbal response in retrieval, might untrieval, namely 11 neurons with increased activity (mean derlie their responses. To examine further the involve-3.89 spikes/s, SD 4.05, 73% average increase) and 16 ment of MTL neurons in memory processes, we looked with decreased activity (mean 2.12 spikes/s, SD 2.53, at the relationship of neuronal activity to the patient's 47% average decrease) in the hippocampus, and 15 success in performing the paired associate memory neurons with increased activity (mean 6.5 spikes/s, SD task. 7.84, 35% average increase) and 4 with decreased activOverall, patients remembered 71% of the pairs and ity (mean 6.31 spikes/s, SD 8.96, 22% average decrease) forgot 29%. We coded each trial of the paired associate in the entorhinal cortex ( 1 2 ϭ 6.63, p Ͻ 0.01). task for successful recall performance. Retrieval trials in which word pairs were remembered were separated from those in which pairs were forgotten. Encoding trials Selective Responses of MTL Neurons to the Encoding and Retrieval Phases were coded based upon whether the associate of a given pair was successfully recalled on the immediately of Paired Associate Learning To further explore the functional correlates of MTL neufollowing retrieval trial. Across all trials, the responses of a significant number of hippocampal (14%) and entoronal activity during paired associate learning, we conducted an overall analysis of variance (ANOVA) of neurhinal cortex (23%), but not amygdala (11%), neurons correlated with patients' memory performance, shown ronal firing rates using Task Phase (encoding, retrieval), Recall Success (remembered, forgotten pairs), and Pair by a main effect of Recall Success ( 
Responses of Hippocampal Neurons Predict Subsequent Memory for Word Pairs
Although the above analysis shows that neuronal activity in the hippocampus and entorhinal cortex was correlated with recall success, it does not reveal at what stage of the memory process this activity occurs. We therefore performed separate analyses for the encoding and retrieval phases of the paired associate task. We first evaluated whether neuronal activity at the time of word pair encoding was predictive of the patients' subsequent recall performance. Encoding trials were analyzed separately for pairs that were later remembered and those later forgotten. An ANOVA of encoding trials alone revealed that hippocampal neuronal activity at encoding predicted whether word pairs were later remembered. The responses of a significant number of hippocampal neurons (13, 20%) discriminated subsequently remembered from forgotten pairs (main effect of Recall Success, 4 2 ϭ 15.36, p Ͻ 0.004). However, the number of entorhinal cortex neurons (6, 14%) whose activity at encoding predicted patients' later memory for word pairs was not greater than what might be expected by chance ( 4 2 ϭ 6.88, p Ͻ 0.142). Thus, the firing rates of hippocampal neurons during encoding predicted whether or not word pairs would later be remembered. These subsequent memory effects were found in 7 out of the 11 subjects in which neurons were recorded in the hippocampus.
During the encoding of subsequently remembered pairs, 8 of the 13 hippocampal neurons whose activity predicted later memory for pairs had increased firing rates, and 5 decreased firing rates with respect to prestimulus baseline. Interestingly, hippocampal response increases were larger during the encoding of subsequently forgotten than remembered pairs for 7 out of the 8 response increases. For example, the hippocampal neuron in Figure 4 showed smaller increases in activity during the encoding of word pairs which were later remembered than during the encoding of pairs which were later forgotten (F ϭ 8.3; p Ͻ 0.005). Also of note is that 3 out of the 5 hippocampal neurons that had decreased activity during the encoding of subsequently Figure  1A ) selective for Task Phase (Table 2, the entorhinal cortex neuron in Figure 5A displayed larger increases in firing rate in the delay interval during the retrieval of paired associates that were successfully compared to unsuccessfully recalled (F ϭ 10.1; p Ͻ grounds. First, fMRI provides an indirect, hemodynamic measure of neuronal activity and thus may not reflect 0.002). However, neuronal activity associated with recall success was not always excitatory (i.e., increased firing all of the changes in firing that are clearly observed during direct electrophysiological recording. For inrate). During retrieval, the hippocampal neuron in Figure  5B displayed decreases in firing rate below prestimulus stance, we found neurons with both increased and decreased discharge rates with respect to the prestimulus baseline in response to word stimuli. These decreases were more pronounced during the recall of remembered baseline during encoding and retrieval. There were also neurons that showed a lower discharge rate during sucpairs compared to forgotten pairs (F ϭ 4.8; p Ͻ 0.03). Although the activity of this neuron during retrieval was cessful encoding compared to unsuccessful encoding (Figure 4) . Also, fMRI in the anterior MTL may be affected correlated with recall success, the number of hippocampal neurons showing this phenomenon (12, 18%) was by susceptibility artifacts, which results in signal loss. In addition, there were important task differences between not greater than what might have been expected by chance ( 4 2 ϭ 4.3, p Ͻ 0.368). Of note is that 4 of the this study and previous neuroimaging studies reporting subsequent memory effects. In the paired associates 13 hippocampal neurons whose activity at encoding predicted later memory for word pairs also responded task, we asked patients to repeatedly encode and recall the same word pairs in seven encoding sessions alterduring retrieval with activity that was correlated with recall success. nated with seven retrieval sessions. In neuroimaging studies, subjects were presented with items in a single encoding session and later tested on their recognition Discussion memory for those items in a single retrieval session. , 1996 ), but our paradigm was not directed at testing this hypothesis. Furthermore, it may be premature to draw conclusions about amygdala contributions to paired associate learning based on our study, since the sample of amygdala neurons was small. cept of hemispheric specialization for verbal and nonverbal memory processing. Entorhinal cortex neurons whose activity was correlated with accurate retrieval recorded in the human hippocampus during word list were found in both the language-dominant (3) and nonencoding distinguished subsequently recalled from fordominant (2) hemispheres. Although there were a gotten words (Ferná ndez et al., 1999b) . Single neurons greater number of hippocampal neurons whose activity in the hippocampus, such as those reported in our study, predicted subsequent memory for word pairs recorded may participate in the generation of these ERPs.
Recall of Word Pairs (A) Right hippocampal neuron (recorded from electrode in

Finally, it is conceivable that the paired associate task Responses of Single Neurons in the Hippocampus
MTL Neurons in both Hemispheres Contribute to Verbal Paired Associate Learning
from the language-dominant (69%) than nondominant (31%) hemispheres, the total number of neurons was small (13), and the differences were not significant. were often more pronounced than during encoding. In
Neuronal Activity in Entorhinal Cortex
Mean firing rates in the amygdala, hippocampus, and entorhinal cortex were 1.77 Hz, 2.9 Hz, and 4.27 Hz, respectively. addition, some hippocampal neurons whose activity at encoding predicted later memory for word pairs also responded during retrieval with activity that was corre- response to a factor if either the main effect of that factor or its interaction with time was significant at p Ͻ 0.05.
Data
Electrode Placement
The technique of electrode placement and single-unit recordings in Although neurons were considered to show selective responses if ANOVA results were significant at the p Ͻ 0.05 level, many of these patients has been described in detail in previous publications (Fried et al., 1997, 1999) . Depth electrodes were targeted to MTL the neurons recorded were significantly below the p Ͻ 0.01 level. However, due to the number of neurons and multiple tests, a few structures using MRI and angiographic guidance (Fried et al., 1999) . Typically, six electrodes were placed bilaterally in amygdala, hipposuch significant results might occur by chance. To evaluate whether more neurons showed selective responses than would be expected campal, and entorhinal regions in each patient. Depending upon the suspected seizure focus areas in each patient, three to four more by chance, the number of neurons with significant results at each of five levels (p ϭ 0.05-1.0, p ϭ 0.01-0.05, p ϭ 0.005-0.01, p ϭ electrodes were placed in various other locations, including parahippocampal and anterior cingulate gyri, orbitofrontal cortex, and pre-0.001-0.005, p Ͻ 0.001) in the ANOVA was compared using a goodness of fit chi-square test with the number that would be predicted supplementary and supplementary motor cortices. Electrodes contained nine platinum-iridium microwires (40 m) that protruded by chance (Rolls et al., 1989 (Rolls et al., , 1993 . For the test, we took into account that a factor was considered significant if either its main effect or about 4 mm into the target tissue. Microwire tips usually spread out into the target tissue in a cone shape with a diameter of less than interaction with time was significant. Significance by goodness of fit chi-square indicates that the number of neurons with a selective 4 mm. Probe locations were verified by postimplant MRI ( Figure  1A) . It should be noted that generalization about normal neuronal response to a factor was not merely due to chance.
